HIV entry into CD4^+^ cells of the immune system
================================================

In spite of the successful advent of combination antiretroviral therapy (cART) HIV infection still spreads throughout the world still waiting for a preventative vaccine. In the absence of cART, after an initial phase of symptomatic infection, known as acute retroviral syndrome and associated with constitutional symptoms and painful lymphadenopathy, the clinical conditions return to normality for years (in most patients) before reemerging in coincidence with the pre-terminal phase defined as acquired immunodeficiency syndrome (AIDS). During this time, the virus has eroded the host immune defenses and had plenty of opportunities to be transmitted to other individuals either by blood or blood products (as in intravenous drug users sharing needles and syringes), via homo- or hetero-sexual exchanges or from mother to child (either intra-uterus, at delivery or by breast feeding). Unfortunately, 30 years after the discovery of HIV as the etiological agent of AIDS [@B1], [@B2] there are still millions of individuals not receiving cART and in whom the natural history of HIV disease repeats itself monotonously. In fact, it has been recently calculated that for every new person starting on cART other two becomes newly infected [@B3], thus highlighting that the virus is still winning the "arm wrestling" with the mankind.

In order to infect a new host, HIV needs to interact with two receptors (CD4 and CCR5 or CXCR4) expressed on the surface of its target cells, namely CD4^+^ T lymphocytes, monocyte-macrophages and dendritic cells (DC). However, access to these receptor can be facilitated or hampered by other cell surface molecules, the two most prominent of which are the integrin α4β7 and the molecule known as CD209/DC-SIGN (Dendritic Cell-Specific Intercellular adhesion molecule-3-Grabbing Non-integrin). The role of α4β7 in HIV-1 infection has been reviewed elsewhere [@B4]. However, it should be reminded that such a molecule protrudes from the cell surface more than the CD4 molecule and, therefore, it is highly likely that it engages in a first contact with the trimeric HIV gp120 envelope (Env). gp120 Env binding to α4β7 does not represent an absolute requirement for the infection, but it facilitates the interaction with CD4 and delivers a positive signal for HIV-1 spreading involving another integrin, CD11a/CD18 (also known as leukocyte functional antigen 1, LFA-1) which favors the fusogenic process mediated by gp41 Env via interaction with intercellular adhesion molecules (ICAM-1, -2 and -3) [@B5].

DC-SIGN has been originally described in myeloid DC (mDC) as a capture receptor that, although not leading to infection of DC (that become infected via the CD4/CCR5 route a T cells and macrophages), can preserve the infectious virions during their travel to the regional lymph nodes [@B6], [@B7]. In the nodes, mDC activate the specific CD4^+^ T cells that become infected by a "kiss of death" delivered by the DC-SIGN associated virus. DC-SIGN expression has been later described in other cells such as macrophages [@B8], [@B9] where it likely plays a similar role [@B9]. Other molecules, such as CD206/mannose receptor have been also credited with similar functions in the context of HIV infection [@B10].

Independently of the facilitating role of other cell surface molecules, the crucial interaction of the virus with the cell involves the CD4 molecule, as known since 1984 [@B11]. Interaction of CD4 with gp120 Env leads to a conformational change of the viral molecule that exposes cryptic immunogenic regions required for interaction with the co-receptor and, particularly, with CCR5 (while those for CXCR4 are more exposed in the native gp120 Env) [@B4]. Engagement of the second receptor by gp120 Env induces a sharp conformational change in gp41 Env that, with a "jackknife-like movement" fuses the virion and target cell membranes therefore starting the infection process.

Once gained entry into the cells, the virion undergoes an "uncoating" phase after which a pre-integration complex of viral proteins (reverse transcriptase, RT, VpR and p17 Matrix) travel to the nuclear pore and then access to the cell nucleus. Here, the reverse transcription process is completed resulting in both circular and linear forms of double stranded DNA. Linear HIV DNA becomes part of the host genome as a "provirus" by means of the viral enzyme integrase. Cells carrying integrated proviruses are nowadays considered the main obstacle to viral eradication and the central limitation to otherwise effective cART in that its suspension leads to reactivation of HIV replication in CD4^+^ cells [@B12]. It should be underscored that the success of cART has been obtained by targeting the very enzymes responsible for these crucial steps of the virus life cycle (RT, integrase and protease, which processes the p55 Gag polyprotein in its mature products required for the assembly and release of new progeny virions). However, at least one category of antiviral agents (i.e., HIV entry inhibitors), in addition to the viral protein gp41 (T-20 and related peptides - [@B13]), targets host proteins involved in the different phases of virion attachment, including the CD4 molecule. However, the only agents currently approved for clinical use are inhibitors of CCR5 (Maraviroc and related compounds) although, historically, the first inhibitor of this class (AMD3100) was developed against CXCR4 [@B14].

Discovery of CXCR4 and CCR5 as HIV co-receptors
===============================================

As mentioned, CD4 became soon recognized as the crucial entry receptor for HIV therefore accounting for a simple, but fundamentally correct immunopathogenetic view of HIV infection. The virus would infect and destroy CD4^+^ T lymphocytes (as observed in *in vitro* experiments with CD4^+^ cell lines or activated primary T cells) therefore causing a progressive state of immunodeficiency by eliminating "the orchestra director" of the immune system, as Anthony S. Fauci originally depicted it [@B15]. However, mice transgenic for human CD4 could efficiently bind the virus, but the infection would not proceed, indicating that at least another receptor(s) was required to bypass the cell membrane of CD4^+^ cells [@B16]. After several years of research and "false alarms", Edward Berger at the NIH named "Fusin" a previously identified molecule that conferred fusogenic competence to cells expressing gp 120 Env on their surface [@B17]. However, only a fraction of gp120 Env molecules were Fusin-dependent, while others were not. Of interest, Fusin belonged to the 7 trans-membrane domain (7TM) family of receptors encompassing chemokine receptors. The same investigators together with several others achieved rapidly the solution: Fusin was actually CXCR4, the receptor for the chemokine named "Stromal cell derived factor-1α (SDF-1α)" - now CXCL12 - named after the recognition of its fundamental role in the mobilization of stem cells from the bone marrow [@B18]. Expression of CXCR4 conferred fusogenic potential to those Env molecules expressed by so-called "Syncytium inducing (SI) strains" of HIV-1, earlier described by Dutch scientists [@B19], [@B20] as well as, in part, by Eva Maria Fenyo\'s laboratory [@B21], typically emerging in late phase disease and causing faster disease progression in comparison to non-SI (NSI) HIV-1 strains [@B22].

Another receptor accounted for the fusogenic potential of Fusin-independent HIV strains and, like Fusin, was a 7TM receptor belonging to the chemokine receptor family. This newly discovered receptor was CCR5 [@B23]. Of interest, a few months earlier than the discovery of "Fusin", the team of Paolo Lusso and Robert C. Gallo at the NIH reported the identification of three molecules (macrophage inflammatory protein 1α, MIP-1α, MIP-1β, and a molecule known as "regulated upon activation normal T cell expressed and secreted, RANTES", now renamed CCL3, CCL4 and CCL5, respectively) as the key soluble inhibitors released by activated CD8^+^ T lymphocytes which could potently inhibit HIV replication in CD4^+^ T cells [@B24]. This phenomenon was originally described by Jay Levy (UCSF) and attributed to an unidentified "CD8 non-lytic antiviral factor (CAF)" causing transcriptional inhibition of HIV expression [@B25]. The three chemokines identified by Lusso and Gallo indeed inhibited HIV replication although with a different mechanism of what described for CAF. They were indeed the three ligands of a receptor yet to be discovered, i.e. CCR5, which prevented the infection of cells by "NSI strains" of HIV. Similarly, SDF-1α/CXCL12 prevented the infection of "SI-viruses". Several other chemokine receptors have been later identified as potential entry co-receptors, including CCR2 and CCR3, but they usually play an ancillary role in association with CCR5. A partial exception is represented by CCR3 that may be of importance for the selection of neurotropic variants of HIV-1 and for the infection of brain microglial cells [@B26]-[@B28]. Based on the precise definition of the HIV entry process into CD4^+^ cells, a new classification of HIV phenotypes has been proposed and adopted (**Table [1](#T1){ref-type="table"}**) [@B29].

This new and definitive classification of HIV phenotypes has allowed a novel understanding of the virus distribution worldwide as well as of the dynamics underlying viral transmission. Most infections at the global scale are caused by CCR5-dependent (R5) HIV-1 whereas CXCR4 is limited for the most part to subtype B strains (dominant in the Western world) and it is very rare in Sub-Saharan Africa or South East Asia, where the epidemics is most rampant [@B30]. At the interpersonal level, as mentioned, the infectious process is almost invariantly caused by an R5 HIV-1 extremely homogeneous for sequence composition (monophyletic virus) even when the person transmitting the infection harbors a CXCR4-dependent virus as a major variant. An alternative view, however suffering of limited experimental evidence, is that both CXCR4- and CCR5-using HIV-1 variants are transmitted but the former is contained while the latter replicates [@B31]. After the initial infection, the virus accumulates progressively mutations by the converging effects of the RT enzyme (lacking proof reading capacity, unlike eukaryotic polymerases) and of the host immune response selecting escape viral variants. As a result, in the case of subtype B infection, a "switch" to CXCR4 use occurs in ca. 50% of the cases and, as mentioned, is associated with a more rapid deterioration of the immune system and faster progression to AIDS [@B32]. When analyzed in greater detail, the "co-receptor switch" in most cases is actually an extension of co-receptor use from CCR5 only to CCR5 and CXCR4 (so called R5X4 dualtropic viruses). Only in rare cases (\<5%) a true "switch" occurs (from R5 to X4 viruses) [@B33]. Dualtropic viruses encompass those with gp120 Env molecules capable of engaging both CCR5 and CXCR4 ("truly dualtropic" isolates or strains) or mixtures of R5 and X4 viruses that, together, confer the dualtropic phenotype. Sophisticated automated programs run by companies analyze thousand of PCR-sequences amplified from the plasma (or other body fluids) of infected individuals searching for molecular signatures of either CCR5 or CXCR4 use in order to guide the physician in deciding whether a CCR5 antagonist should or should not be administered to infected individuals as part of a cART cocktail [@B34].

Correlates of CXCR4 use by HIV
==============================

Why does HIV expands or switches its use of entry co-receptor (while maintaining the requirement for CD4 engagement)? This evolutionary related question does not have a simple answer. Structurally, CCR5 (the main entry co-receptor) is more similar to CCR2 than to CXCR4; however, CCR2 can only occasionally utilized as entry co-receptor and always in association with CCR5 [@B35]. Looking at the "world map" of co-receptor use, it strikes that CXCR4 use overlaps with the map of the Western world (North America, Europe, Australia) that is also superimposable to that of allergic diseases [@B36]. Is there a potential, at least partial explanation, for CXCR4 use? Indeed, the hypothesis that a CD4^+^ T helper type 2 (Th2) bias could be detrimental for the natural course of HIV disease was early proposed by Mario Clerici and Gene Shearer (NIH), based on the observation that "seronegative" HIV exposed by uninfected individuals (ESN) showed evidence of Th1-dependent immune responses to the virus. This contrasted with the observation that most infected individuals showed a "useless" antibody (Ab) response not capable of preventing the infection [@B37]. Although this hypothesis was not entirely confirmed by other experimental evidence, individuals with a Th2-bias (such as those with allergies) showed a more aggressive course of HIV disease once infected [@B38].

Since the key cytokines for developing a Th2 immune response are interleukin-4 (IL4) and IL-13 it is interesting to ask whether these cytokines can affect virus replication and CXCR4 vs. CCR5 use. IL-4 was in fact shown to upregulate CXCR4 expression and, indeed, different studies have proposed a correlation between this effect and the more frequent use of CXCR4 by the infecting virus [@B39]-[@B41].

Curiously, another correlate of CXCR4 use by HIV is the genetic mutation known as CCR2-64I [@B42]. This silent mutation is in linkage disequilibrium with the CCR5-59653T mutation of the CCR5 promoter [@B43] leading to decreased expression of CCR5, at least according to some studies [@B44], although not to others [@B45]. However, whether the differential use of HIV entry co-receptors is explained by their levels of expression on the surface of CD4^+^ immune cells is debated. Alternatively, or complementarily, engagement of CCR5 and CXCR4, in addition to serve as port of entry for the virus, might lead to differential signaling cascades that contribute to the successful or unsuccessful completion of the infection and further spreading to neighbor cells. Evidence supporting these concepts have been published by several groups, including us, and will be further discussed.

Post-entry advantages or disadvantages of CCR5 vs. CXCR4 co-receptor use
========================================================================

The elegant studies discovering the chemokine receptor paradigm for HIV entry were mostly conducted using non human cells transfected with different plasmids expressing human chemokine receptors, followed by either binding and/or fusion assays. This has led to the concept that chemokine receptor signaling was not required for accomplishing these early steps of HIV infection (i.e., attachment, binding and membrane fusion) [@B46]. However, when the infectious process was analyzed in more comprehensive assays differences emerged as consequences of CCR5 vs. CXCR4 use. Likely the first substantial evidence was that CCR5 engagement induced calcium fluxes more robustly than CXCR4 [@B47], [@B48]; of note, calcium fluxes had been previously demonstrated to upregulate the capacity of HIV to replicate in different cell types [@B49], [@B50]. We early observed that sub-optimally activated cord blood cells, either polarized or not towards a Th1 or Th2 phenotype, maintained for several days in IL-2 enriched medium allowed the replication of R5, but not X4 viruses in spite of comparable levels of expression of CCR5 and CXCR4 [@B51]. A more in depth analysis of this phenomenon revealed that both viruses infected the cells with comparable efficiency (i.e. there was no block in viral entry for X4 viruses), but R5 viruses showed an approximately 100-fold higher efficiency in spreading after 2-3 days of culture [@B51]. We refined these observation using dualtropic R5X4 viruses in the same model system; these viruses, characterized by the capacity of using both CCR5 and CXCR4 as entry co-receptors, could replicate efficiently replicate in Th2 and Th0 cells, but were restricted in Th1 cells [@B52].

Thus, HIV gp120 Env engagement of CD4 and CCR5 or CXCR4 may lead to downstream effects associated to an at least partially different signaling cascade that could influence the capacity of HIV to spread from the initially seeded cells. Quite surprisingly, we reproduced the same phenotype of R5 permissiveness and X4 restriction ten years later in a different model system, i.e. children\'s primary CD4^+^ T cells cultivated on feeder cells [@B53]. This experimental model was specifically conceived for growing *ex vivo* leukocytes from children with primary immunodeficiencies, such as adenosine deaminase deficiency severe combined immunodeficiency (ADA-SCID) [@B54]. CD4^+^ T cells were isolated from either healthy children or children with ADA-SCID after stimulation and culture for a few days on feeder cells and were then maintained in medium enriched with IL-2 for several days before infection. Surprisingly enough, the cells from both healthy and ADA-SCID children showed a skewed capacity of supporting R5 (which was lower in ADA-SCID children before gene therapy), but not X4 virus replication. In contrast, adults\' CD4^+^ T cells cultivated with the same protocol were equally infected productively by both R5 and X4 viruses. Of interest, gene therapy correction of the ADA-SCID defect resulted in a greater capacity of children\' cells to support R5, but not X4 infection [@B53].

Thus, either cord blood derived CD4^+^ T cells or peripheral blood CD4^+^ T cells isolated from young children seem to have an inherent bias for better supporting viruses using CCR5 rather than CXCR4, at least in certain *in vitro* models of infection. Whether this phenotype can account for the superior capacity of R5 viruses to be efficiently transmitted from infected mothers to their children in comparison to CXCR4-using strains (including both X4 and R5X4 viruses) is unclear.

Another correlate of successful HIV transmission and infection of CD4^+^ target cells that partially overlaps with the differential use of CCR5 and CXCR4 by the virus is its capacity to bind the α4β7 integrin on the surface of target cells. As mentioned, this molecule is more accessible for the spikes of the incoming virions than CD4 and it is likely that is the first contact molecule between the virus and the cell. Binding to α4β7 requires the tripeptide motif Leu-Asp-Val sequence present in the V2 loop of gp120 Env [@B5], a region that has recently gained substantial attention after the first partially successful trial of preventive vaccination, the RV144 Thai trial [@B55]-[@B57]. Viruses bearing such a domain are frequently found as seed viruses being transmitted among individuals [@B58], although other investigators have not recently confirmed this finding [@B59].

CXCR4 antagonists. Will they play a role in prevention and therapy of HIV-1 infection?
======================================================================================

As mentioned, AMD3100 was the first molecule originally developed as HIV entry inhibitor targeting a host rather than a viral molecule [@B60]. Its use in HIV infected individuals was, however, rapidly abandoned for unexpected cardiac toxicity [@B14]. Of interest is the fact that AMD3100 has found a "second life" as mobilizer of extracellular CXCL12 in the context of bone marrow transplantation protocols [@B61]. Other antagonists or inhibitors of CXCR4 are currently in development, but the real question is whether their use will play an important role or not in the fight to HIV infection. Several reasons of skepticism have been discussed in the article and are summarized in **Table [2](#T2){ref-type="table"}**. Several aspects of HIV immunopathogenesis remains to be clarified and the possibility to develop CXCR4 inhibitors that prevent or limit the capacity of HIV-1 to propagate should remain an important goal to be achieved, likely in combination with CCR5 and/or CD4 antagonists, particularly for patients infected with subtype B viruses and in advanced phase of disease.

Conclusions
===========

As a lentivirus, HIV-1 has a "natural" propensity to infect cells of the mononuclear phagocytic lineage [@B62]. In addition, the selection of CD4 as its primary receptor has expanded its cell tropism to a significant subset of T lymphocytes and likely conferred its unique capacity to cause a profound immunological deficiency. The requirement of a second receptor for infecting its target cells, and the "choice" of a chemokine receptor for this task, has added novel immunopathological consequences to HIV infection. Several mysteries remain on the selection of CCR5 as its primary, and fundamental, entry co-receptor as well as on the choice of CXCR4 as "spared tire" receptor, yet playing a significant role in terms of disease acceleration. The puzzling role of CXCR4 can be summarized, in our view, as follows: on the one hand, CXCR4 use coincides with a superior aggressiveness of the virus both *in vitro* and *in vivo*, as above discussed. However, the evolution has favored CCR5 as main entry coreceptor. One of several potential interpretations is that the virus prefers a more subtle, smoldering strategy to colonize the infected individuals, rather than destroying efficiently his CD4^+^ T lymphocytes. An opposite hypothesis discussed above is that CCR5 usage confers a superior capacity to the virus to replicate in resting or sub-optimally activated cells, while CXCR4-dependent viruses require a more potent cell activation, perhaps resulting from chronic inflammation, and, *in vivo*, an already immunologically deficient host in order to spread efficiently. Of course, other hypotheses could be formulated and experimentally explored.

Nonetheless, the development of specific antagonists, or inhibitors, of CCR5 and CXCR4 will likely shed more light on the natural history of HIV disease and, at the same time, provide new tools and perhaps drugs of use in other human diseases, as exemplified by the evolution of CXCR4-antagonist AMD3100.
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###### 

Phenotypic classification of HIV-1 based on co-receptor use.

  Chemokine Receptor   Natural Ligands    HIV-1    Note
  -------------------- ------------------ -------- --------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------
  CCR5                 CCL3, CCL4, CCL5   R5       Key viral phenotype for inter-individual transmission and the pandemics
  CXCR4                CXCL12             X4       Rarely (\<5%) observed in advanced infection by subtype B virus, highly cytopathic *in vitro*
  CCR5, CXCR4                             R5X4     "dualtropic" viruses, accounting for ca. 45% of subtype B advanced infections; they can be either mixtures of individual R5 and X4 strains or viruses capable of exploiting both receptors for gaining entry into target cells
  CCR2, CCR3, CCR5                        R2R3R5   "multitropic" viruses, rarely observed

###### 

Findings against a crucial role of CXCR4 as a relevant target for anti-HIV drug development.

  ---------------------------------------------------------------------------------------------------------------------------------------------------------------
  Key aspect                 Observation                                                                                                             References
  -------------------------- ----------------------------------------------------------------------------------------------------------------------- ------------
  HIV transmission,\         almost exclusively accounted for by R5 viruses                                                                          [@B63]
  early viral spreading                                                                                                                              

  HIV evolution              CXCR4 use occurs only in 50% of individuals infected with subtype B virus; almost irrelevant for other viral subtypes   [@B4]

  Spectrum of target cells   X4 viruses do not replicate efficiently in primary macrophages or dendritic cells                                       [@B64]

  Response to cART           Reported more rapid disappearance of CXCR4-using strains than of R5 viruses due to immunological reconstitution         [@B65]
  ---------------------------------------------------------------------------------------------------------------------------------------------------------------
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